The glutamate receptor gene, ionotropic N-methyl-D-aspartate 3A (GRIN3A), is one of the seven that code for subunits of N-methyl-D-aspartate receptors, which play an essential role at many synapses in the brain, regulating ion Xow across membranes in response to glutamate signaling. In this study, we analyzed 25 single nucleotide polymorphisms (SNPs) within GRIN3A for association with nicotine dependence (ND), which was assessed by smoking quantity, heaviness of smoking index, and the Fagerström test for ND. Both individual SNP and haplotype association tests were performed in African-American (AA) and European-American (EA) samples as well as in the pooled sample consisting of 2,037 individuals from 602 nuclear families. Individual SNP analysis revealed signiWcant associations of 5, 5, and 4 SNPs with at least one ND measure in the pooled, EA, and AA samples, respectively. Of them, SNPs rs17189632 and rs10121600 in the pooled sample and rs11788456 in the EA sample remained signiWcant after correction for multiple testing. On the basis of the blocks determined with Haploview, we performed haplotype-based association analysis and found 2, 4, and 1 haplotype(s) that are signiWcantly associated with at least one ND measure in the pooled, EA, and AA samples, respectively. Some of them remained signiWcant after correction for multiple testing. We concluded that GRIN3A represents a strong candidate for involvement in the etiology of ND and warrants further investigation in independent samples.
Introduction
Despite widespread public awareness of the catastrophic health eVects of using tobacco products, approximately 438,000 American lives and more than $167 billion are lost to tobacco each year (CDC 2007; Mokdad et al. 2004 ). Many tobacco users show a desire to quit, but the highly addictive nature of nicotine often makes their eVorts futile. Numerous epidemiological studies have revealed the importance of genetic factors in determining individual liability to nicotine dependence (ND) (Li et al. 2003a; Sullivan and Kendler 1999) . This genetic signiWcance highlights a need for better molecular understanding of addiction. EVective pharmaceutical treatments designed to target ND depend highly on an advanced understanding of genetic factors that inXuence the development and maintenance of addiction.
The glutamate receptor gene, ionotropic N-methyl-Daspartate 3A (GRIN3A), consists of nine exons and localizes to 9q34, a region that has been associated with ND in several genome-wide linkage studies (Bergen et al. 1999; Bierut et al. 2004; Gelernter et al. 2007; Li et al. 2003b Li et al. , 2006 . GRIN3A codes for glutamate N-methyl-D-aspartate (NMDA) receptor subunit 3A precursor, a 1,115-residue protein representing one of the subunits of N-methyl-Daspartate receptors (NMDARs), which play an essential role at many synapses in the brain by regulating ion Xow across membranes in response to glutamate signaling. Glutamate, an abundant amino acid throughout the body, is among the most common neurotransmitters in the human central nervous system. The NMDARs consist of heteromeric assemblies composed from a pool of three homologous subunits: NR1, NR2, and NR3. The NR2 subunit speciWcally binds glutamate, whereas NR1 and NR3 bind glycine, an agonist essential for NMDAR function. With eight NR1 splice variants from a single gene, four NR2 subunits (NR2A-D) from four independent genes, and two NR3 subunits (NR3A-B) from two genes, there is a large pool of components from which many NMDAR variants can be assembled (Andersson et al. 2001) . Each functional receptor is thought to consist most often of a minimum of two NR1 and two NR2 subunits. Initially, NR3 was thought to be expressed only in certain cell types (Furukawa et al. 2005) ; however, a recent study (Nilsson et al. 2007) showed that NR3A is distributed throughout much of the human forebrain. Further, this study showed that both NR3A and NR1 bind glycine, although with signiWcantly diVerent aYnities and solubilities. This compositional and functional diversity has provided challenges for understanding the function of NMDARs, as it has been diYcult to ascribe speciWc functional variations to particular changes in subunit composition (Paoletti and Neyton 2007) . This diversity, however, also makes delivering drugs to speciWc NMDARs more plausible.
Although the details of speciWc NMDAR subtypes have not been completely uncovered, much progress has been made in understanding their general functions. The most noticeable feature of NMDARs is their high permeability to calcium ions. This function is thought to be directly related to synaptic plasticity under physiologic conditions, as well as neuronal death during excitotoxic pathological conditions (Paoletti and Neyton 2007) .
Of speciWc interest in the studies described in this communication is the function of the NR3 subunits. The NR1 and NR2 sequences that line the inside of the channel pore are highly conserved, and ion permeability varies little between subtypes. However, receptors that incorporate NR3 show a substantial decrease in single-channel conductance and Ca ++ permeability (Furukawa et al. 2005) . This implies that their incorporation is used to induce signiWcant variation in the basic properties of the receptor.
Given the plausible biological function of GRIN3A and its chromosomal location in a region linked to ND, it is of great interest to determine whether GRIN3A is associated with ND. Twenty-Wve SNPs selected uniformly from the whole gene were examined for possible association with ND in a dataset consisting of 2,037 individuals from 602 nuclear families of either EA or AA ancestry, with ND being assessed by three commonly used ND measures: smoking quantity (SQ), heaviness of smoking index (HSI), and the Fagerström test for ND (FTND).
Materials and methods

Participants and ND measures
Participants in this family-based association study were recruited primarily from the Mid-South states in the US between 1999 and 2004. Criteria for eligible proband smokers consisted of: being at least 18 years of age, having consumed an average of 20 cigarettes per day for 12 months prior to recruitment, having smoked for a minimum of Wve consecutive years, and being free of any current psychiatric diagnosis with the exception of alcohol use/abuse. To perform a family-based genetic study, we also recruited as many as possible the biological parents and sibling of the probands regardless of their smoking status. Data collected from all the participants included demographics such as age, sex, race, biological relationships, weight, height, education, and marital status. Data related to medical histories, current and past smoking behavior, and personality traits were collected using various questionnaires that are available at the NIDA Genetics Consortium website (http:// zork.wustl.edu/nida). All participants provided informed consent, and the study protocol and forms were approved by all participating Institutional Review Boards.
To assess the ND status of each smoker, three common scales were employed: SQ, HSI (0-6 scale), and FTND (0-10 scale) (Heatherton et al. 1991) . As there is no consensus as which measure provides the best overall assessment of ND, we performed association analysis on the three measures at both the individual SNP and haplotype levels with the goal of achieving diVerent insights that selecting one speciWc measure cannot. BrieXy, the SQ is a straightforward index of total nicotine consumption, whereas HSI also assesses smoking urgency (i.e., "How soon after you wake up do you smoke your Wrst cigarette?"). The FTND includes the HSI factors, but adds other behavioral indicators that relate smoking to speciWc circumstances. Furthermore, the use of multiple measures allows cross-referencing with other studies, regardless of their chosen measure. Given the overlaps among the three measures, there exists a fairly robust correlation between them, ranging from 0.88 to 0.94 for three populations Li et al. 2005; Ma et al. 2005) . Thus, we prefer not to correct for them while we perform correction for multiple testing.
The sample consisted of 2,037 participants from 602 nuclear families, with 1,366 individuals from 402 AA families and 671 individuals from 200 EA families. The average participant age was 39.4 § 14.4 (SD) years for the AA sample and 40.5 § 15.5 years for the EA sample. The average nuclear family size was 3.14 § 0.75 for AAs and 3.17 § 0.69 for EAs. The average HSI and FTND scores were 3.7 § 1.4 and 6.25 § 2.15 for AA smokers and 3.9 § 1.4 and 6.33 § 2.22 for EA smokers, respectively. The average number of cigarettes smoked per day by AA and EA smokers was 19.4 § 13.33 and 19.5 § 13.4, respectively. For detailed information on the clinical characteristics of the samples used in the study, please refer to Table 1. DNA extraction, SNP selection, and SNP genotyping
The DNA was extracted from participant blood samples using the QIAamp © DNA Blood Maxi Kit, purchased from Qiagen Inc (Valencia, CA, USA). The SNP selection was based on the high heterozygosity with a minor allele frequency (MAF) >0.05 (as listed in the NCBI dbSNP database and shown in the last two columns of Table 2 ), potential biological functions within a gene, and optimal coverage of the gene. General information regarding each genotyped SNP is shown in Table 2 . Of the 25 SNPs, eight (i.e., rs3739722, rs3739723, rs729688, rs1016428, rs1924032, rs10512285, and rs2485528) were genotyped using a TaqMan SNP Genotyping Assay purchased from Applied Biosystems (Foster City, CA, USA). The remaining 17 SNPs were genotyped using the Illumina BeadChip system at the Center for Inherited Disease Research (CIDR) at Johns Hopkins University. All reactions for the TaqMan assay were run in 384-well plates, with a total reaction volume of 7 l. Each reaction mixture contained an MGB probe, primers, 15 ng of template DNA, and 2.5 l of TaqMan Universal PCR Mastermix. The PCR cycling conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 25 s and 60°C for 1 min. Allelic discrimination analysis was carried out with an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Each plate was quality-controlled with four no-template controls, as well as eight DNA-containing positive controls, which were monitored for consistency.
LD and association analysis
We used the PedCheck program (O'Connell and Weeks 1998) to detect genotyping inconsistencies for Mendelian inheritance. One hundred twenty-two inconsistencies, with 81 in the AA sample and 41 in the EA sample, were detected in approximately 51,000 assays (i.e., 0.24% genotyping error) for the 25 SNPs across all DNA samples and were excluded from subsequent statistical analysis. The program Haploview (Barrett et al. 2005 ) was used to determine pair-wise linkage disequilibrium (LD) between all SNPs using the option of determining blocks on the basis of the criteria deWned by Gabriel et al. (2002) .
The three phenotypic ND measures discussed earlier were used individually to assess the association of ND with all 25 SNPs using the PBAT program (Lange et al. 2003) . Age and sex were used as covariates within the PBAT program because of evidence that they inXuence ND diVerently (Edwards et al. 1995; Li et al. 2003a; Madden et al. 1999; Perez-Stable et al. 1998; Perkins et al. 1999 ). The FBAT (Horvath et al. 2004) program was used to measure association between each haplotype and the three ND measures in the pooled, EA, and AA samples separately. For both individual SNP and haplotype analysis, only the additive genetic model was examined. All associations designated signiWcant were corrected for multiple testing using the SNP spectral decomposition (SNPSpD) method (Nyholt 2004) for individual SNP analysis. The SNPSpD method was favored because Bonferroni correction tends to be too conservative and overcorrects for inXated false-positive rates, resulting in a reduction of power. Bonferroni correc- tion was used for haplotype-based association analysis for major haplotypes (>5% frequency), however, as the SNPSpD method cannot handle correction for haplotypes.
Results
Association analysis of individual SNPs
Previous studies have shown that genotypic diVerences exist between various ethnic populations for some smoking-related genes (Li 2008; Li et al. 2005 Li et al. , 2008 . Although signiWcant diVerences between ethnic samples are less obvious for most of the SNPs investigated here, examining individual populations can provide a clear view of the association of the gene with ND in each ethnic sample and give insight into the evolutionary history of a gene. Therefore, all association analyses were performed separately on AA and EA samples, and the results for signiWcantly associated SNPs with ND measures in each ethnic sample are provided in Table 3 . To increase statistical power and illustrate the conserved nature of the gene, Table 3 also shows the association results for the pooled sample. Individual SNP analysis yielded Wve signiWcant associations under the additive model in the pooled sample. Of them, three SNPs remained signiWcant after correction for multiple tests for the number of SNPs tested in this study, and the same principle for all multiple corrections was used throughout the whole study. The 'T' allele of SNP rs17189632 showed a signiWcant association with all the three ND measures (p = 0.0002-0.0003; Table 3 ) as did the 'C' allele of SNPs rs7030238 and rs10121600 with SQ and HSI (p = 0.0033-0.0005), respectively. In the EA sample, we also found that Wve SNPs were signiWcantly associated with at least one ND measure; however, only rs11788456 remained signiWcant with SQ (p = 0.0016) and FTND (p = 0.0014) after correction for multiple testing (Table 3) . As for the AA sample, although we found signiWcant associations of four SNPs (rs7030238, rs17189632, rs10121600, and rs1924032) with at least one ND measure, only the association of the 'T' allele of rs17189632 with FTND remained signiWcant after correction for multiple testing (p = 0.0037).
LD structure and haplotype-based association analysis
Pair-wise DЈ values for all SNPs were calculated with the Haploview program (Barrett et al. 2005) , and all blocks were deWned as described by Gabriel et al. (2002) . A total of seven blocks were detected in the pooled sample and consist of the following SNPs: rs7030238 and rs10512282 (Block 1); rs11788456 and rs3739723 (Block 2); rs1407877 and rs17189632 (Block 3); rs1570514 and rs10989573 (Block 4); rs1924032, rs942142, rs10512285 and rs10989589 (Block 5); rs2485533 and rs10819978 (Block 6); and rs10819979, rs2050640, and rs1415644 (Block 7). Blocks were also calculated using R 2 values, which resulted in identical block structures. Similarly, we performed LD analysis using Haploview on each ethnic sample individually, and a total of six blocks was identiWed for each sample. A detailed LD structure and their corresponding block information are shown in Fig. 1 .
On the basis of the blocks determined by Haploview, we performed haplotype-based association analysis with three ND measures under the additive model for each block separately in each sample (Table 4 ). In the pooled sample, we found that Blocks 1 and 3, located at the 3Ј-UTR of the gene, showed signiWcant association with all three ND measures; their corresponding global p value ranged from 0.0026 to 0.0035 for Block 1 and from 0.0022 to 0.0047 for Block 3. For Block 1, we detected three major haplotypes, with the Wrst one (i.e., A-T with a frequency of 73.6%) showing a signiWcant positive association with all three ND measures (Z = 2.941-3.038; p = 0.0033-0.0024), while the other two (i.e., C-T and C-G with a frequency of 19.4 and 7%, respectively) showed signiWcant inverse associations with at least two of the three ND measures. However, only the associations of haplotypes A-T with the three ND measures and C-G with SQ remain signiWcant after correction for multiple testing. For Block 3, we detected two signiWcant ND-associated haplotypes, with the Wrst one (i.e., G-T with a frequency of 48.7%) being inversely associated with HSI (Z = ¡1.987; p = 0.0469) and FTND (Z = ¡1.989; p = 0.0468) and the second one (i.e., G-A with a frequency of 37.2%) being positively associated with the three ND measures (Z = 3.194-3.410; p = 0.0014-0.0006).
For the EA sample, we found four blocks containing at least one haplotype that showed signiWcant association with one of the three ND measures (Table 4b ). For example, in Block 2, formed by SNPs rs729688 and rs10121600, we found two major haplotypes that showed signiWcant association with ND. The Wrst haplotype, A-T with a frequency of 36%, showed a signiWcant association with all three ND measures (Z = 2.322-3.087; p = 0.0202-0.0020). The second haplotype, A-C with a frequency of 17.9%, showed signiWcant inverse association with SQ (Z = ¡2.270; p = 0.0232) and HSI (Z = ¡2.134; p = 0.0328). Detailed results on other blocks can be seen in Table 4 as well.
Regarding the AA sample, only Block 1, formed by SNPs rs7030238 and rs10512282, showed a signiWcant association with ND under the additive model (Table 4c ). This block contains three major haplotypes, with the Wrst one, A-T (with a frequency of 70.4%), showing signiWcant association with the three ND measures (Z = 2.384-2.556; p = 0.0171-0.0106) and the second one, C-T (with a frequency of 23.1), showing signiWcant inverse association with HSI (Z = ¡2.022; p = 0.0432) and FTND (Z = ¡2.272; p = 0.0231). The third haplotype, C-G with a frequency of (Barrett et al. 2005 ) was used to calculate all DЈ values, and haplotype blocks were deWned according to Gabriel et al. (2002) . The number in each box represents the DЈ value for each SNP pair surrounding that box 6.5%, showed no signiWcant association with any ND measure.
Discussion
The fundamental roles that GRIN3A plays in general nervous system function by way of NMDARs, along with its location in a chromosomal region linked to smoking behavior, make this gene a plausible candidate for a role in the pathology of ND and other neurological diseases. To test for association with ND, 25 SNPs within the GRIN3A gene were genotyped for 2,037 individuals from 602 nuclear families of either AA or EA origin. Three measures of ND were used to phenotype individuals in the study, and associations for each of these phenotypes were performed for all SNPs as well as all haplotypes within each block determined speciWcally for the samples investigated here. By calculating the association in both the EA and AA samples as well as in the pooled sample, we were able to check for potential population stratiWcation between the two ethnic samples as well as to show the combined association in the pooled sample. Association analysis of 25 SNPs within GRIN3A revealed multiple signiWcant individual SNP and haplotype associations with ND. Individual SNP analysis revealed a signiWcant association of Wve SNPs in the pooled and EA samples and of four SNPs in the AA sample with multiple ND measures under the additive model. Especially, we found SNPs rs17189632 to be associated with all the ND measures and rs10121600 with SQ in the pooled sample following correction for multiple testing. Both of these SNPs showed signiWcant associations with the three ND measures in the AA and EA samples prior to correction for multiple tests. This result highlights the conserved nature of the gene, as combining the EA and AA samples into one pooled dataset increases the power of the test and yields highly signiWcant associations. In addition, we found rs11788456 to be signiWcantly associated with all the three ND measures in the EA sample, and it remained signiWcant for SQ and FTND after correction for multiple testing.
Although individual SNP testing yielded signiWcant associations for various numbers of SNPs in all the three samples, haplotype-based association analysis within each block yielded signiWcant associations of two blocks in the pooled sample, four blocks in the EA sample, and one block in the AA sample with multiple ND measures. Although the number of blocks associated with ND diVered among samples, we found Block 1, formed by rs7030238 and rs10512282 located at the 3Ј-UTR of the gene, to be signiWcantly associated with ND in all the three samples, These signiWcant statistical associations complement the established role of GRIN3A in regulating neural transmission, marking the gene as a strong candidate for Table 4 Haplotype-based association analysis results with three ND measures under additive genetic model for the pooled (a), European-American (b), and African-American (c) samples involvement in the etiology of ND. Our study is complementary to others that have implicated GRIN3A in schizophrenia and bipolar disorder (Gulli et al. 2007) . Although GRIN3A has not been associated with ND per se, the glutamate receptor signaling pathway the gene belongs to has been associated with smoking cessation in a pathway-based association analysis of smoking behavior (Wang and Li 2010) . The genes in this glutamate signaling pathway that have been associated with other smoking behaviors such as initiation and cessation in genome-wide association studies include GRIN2A, GRIN2B, GRINK1, and GRINK2, to name a few (Uhl et al. 2008; Vink et al. 2009 ). These Wndings provide further evidence for the involvement of GRIN3A in the etiology of ND, supporting the conclusions drawn from this report.
In summary, our results indicate that GRIN3A is signiWcantly associated with ND. This signiWcant statistical association at both the individual SNP and the haplotype level, along with GRIN3A's central role in regulating neurotransmission and its location in a region linked to smoking behavior, makes the gene a strong candidate for future investigation into the molecular mechanisms that underlie ND. Future understanding of the role of this gene, especially in the 3Ј-UTR region, may provide the insight necessary to target ND on a molecular level and reduce or eliminate the addictive properties of nicotine that plague millions of individuals.
